GaAsBi QWs have the potential to remove inherent recombination losses thereby increasing the efficiency and reducing the temperature sensitivity of near-infrared telecommunications lasers. GaAsBi QW lasers are reported and prospects for 1550nm operation are discussed.
In spite of their importance in optical communications systems, InP-based semiconductor lasers operating in the 1.3-1.6μm range suffer from high threshold currents and a large sensitivity to temperature, requiring the use of energy-demanding temperature stabilisation electronics. Previous work has shown that Auger recombination processes involving the production of hot holes (CHSH process) and inter-valence band absorption involving transitions to the spin split-off band dominate the threshold current of InP-based lasers around room temperature. These processes become more significant towards longer wavelengths [1] . However, work has also shown that antimonide-based lasers operating between 2-3μm have lower threshold currents and a reduced sensitivity to temperature [2] . This is due to the large spin-orbit splitting (Δ SO ) in antimonide-alloys such that Δ SO >E g (where E g is the band gap) which suppresses these losses, as illustrated in Fig. 1 . While conventional GaAs and InP-based alloys provide band gaps suitable for laser emission in the near-IR, since Δ SO <E g CHSH Auger and IVBA losses persist. Δ SO is strongly dependent on the group V element atomic number and Bismuth is the largest stable group V element. Hence, Bismuth containing alloys (e.g. GaAsBi/GaAs) can offer a very large Δ SO . Also, due to valence band anticrossing, as observed in GaAsBi, the incorporation of Bismuth offers the potential of producing narrow gap materials suitable for the near-infrared with a large spin-orbit splitting. For Bi fractions >10% [3] we have shown that a preferential band structure may be formed offering lasing in the telecoms band (and beyond) whilst suppressing the losses which dominate conventional InP and GaAs based lasers, offering the potential for efficient, uncooled sources [4] .
The first investigations of bismuth-containing alloys began in the early 1980s where Bi was principally considered as a surfactant for the growth of Sb-containing alloys. Due in part to the potential for low loss lasers and the vast improvements in semiconductor growth, the development of bismuth-containing alloys has grown in interest in the past few years. In this paper we report on the development of GaAsBi/GaAs QWs from semiconductor design through to the fabrication of devices. Electrically pumped GaAsBi/(Al)GaAs lasers with different Bi compositions in the active region have been grown by MOVPE and a combined MOVPE/MBE approach. Single quantum well (SQW) as well as triple quantum well (TQW) laser devices were grown at 400°C within Al 0.4 Ga 0.6 As cladding layers on n-doped GaAs (001) substrates using a commercial AIX 200-GFR reactor system, further details are given in Ref. [5] . In addition to varying the Bi fraction, the Al content of the barrier/SCH layers was varied to provide optimized performance. Since MBE has the potential to reach higher Bi fractions than MOVPE, lasers were also grown using a combined MOVPE/MBE approach with the lower n-type cladding and waveguide initially grown with MOVPE followed by MBE growth of the QW active region, finally completed with the upper waveguide and p-type cladding grown again by MOVPE. For the MBE growth, a SVT-A MBE reactor was used for high Bi fraction Ga(AsBi)/GaAs QWs with growth temperatures of 300-330°C. Broad area laser structures, with 20μm, 50μm and 100μm wide were formed. The laser facets were cleaved using standard techniques with a cavity length of 1 mm and devices were all measured ascleaved. The physical properties of the laser diodes were characterised using electrical and optical measurements as a function of temperature using a closed cycle cryostat (20-300K). Fig. 2 shows example light-current characteristics obtained at room temperature for MOVPE devices containing 2.2% Bi in the QW with different barrier/SCH Al fractions and either SQW or TQW designs. In all cases, λ lasing was ~950nm at room temperature. It was found that the lowest J th values (~1kA/cm 2 for a SQW device) were obtained with 12% Al in the barrier/SCH. This composition provides sufficient electron confinement in the QW whilst also providing a strong refractive index contrast with the AlGaAs cladding [6] . For the MOVPE devices, lasing was achieved with 4.4% Bi in the QW up to 180K (current source limited) with a projected RT emission wavelength of ~1070nm. To extend the operating wavelength and temperature, the combined MOVPE/MBE approach was used achieving room temperature operation at a wavelength of 1060nm but with a high J th of >30kA/cm 2 . Analysis of all of the devices reveals that defect-related recombination dominates J th suggesting that in order to improve device performance, and to reach the higher Bi fractions required for 1550nm operation, further growth optimisation is required, as will be discussed in detail. 
